Drosophila miR-5 suppresses Hedgehog signaling by directly targeting Smoothened  by Wu, Long-Fei et al.
FEBS Letters 586 (2012) 4052–4060journal homepage: www.FEBSLetters .orgDrosophila miR-5 suppresses Hedgehog signaling by directly targeting Smoothened
Long-Fei Wu a,b,c, Lei Gao b,c, Xiao-Meng Hou b,c, Qing-Hai Zhang b,c, Shen Li b,c, Yong-Fei Yang b,c,⇑,
Xin-Hua Lin b,c,⇑
a School of Life Sciences, University of Science and Technology of China, Hefei 230027, China
b State Key Laboratory of Biomembrane and Membrane Biotechnology, Institute of Zoology, Chinese Academy of Sciences, Beijing 100101, China
cKey Laboratory of Stem Cell and Developmental Biology, Institute of Zoology, Chinese Academy of Sciences, Beijing 100101, China
a r t i c l e i n f oArticle history:
Received 25 June 2012
Revised 29 September 2012
Accepted 2 October 2012
Available online 16 October 2012
Edited by Ned Mantei
Keywords:
miR-5
Hedgehog
Drosophila
Smoothened0014-5793/$36.00  2012 Federation of European Bio
http://dx.doi.org/10.1016/j.febslet.2012.10.008
⇑ Corresponding authors. Address: State Key Labo
Membrane Biotechnology, Institute of Zoology, Ch
Beijing 100101, China. Fax: +86 10 64807970.
E-mail addresses: yongfei.yang@gmail.com (Y.-F.
(X.-H. Lin).a b s t r a c t
Hedgehog (Hh) signaling plays many important roles in developmental processes and cancers.
Smoothened (Smo) is an important signal transducer in the Hh pathway, and its expression is tightly
regulated by several different post-transcriptional mechanisms. However, whether microRNAs
(miRNAs) are involved in Smo regulation is still unclear. Here, we found that miR-5 acts as a sup-
pressor of the Hh pathway by targeting Smo. Through in vivo sensor assay and in vitro luciferase
assay, we found that miR-5 downregulates Smo through directly binding to its 30UTR. Moreover,
our data indicated Costal-2 (Cos2) and Fused (Fu) do not play a role in the reduction of Smo medi-
ated by miR-5. Furthermore, we determined that miR-5 not involved in Notch or Dpp signaling path-
ways by detecting target gene expression. Together, our results indicate that miR-5 can speciﬁcally
suppress Hh signaling by directly targeting Smo in Drosophila.
 2012 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Hedgehog (Hh) is a highly conserved secreted signaling protein
that regulates the growth and patterning of many organs in Dro-
sophila and vertebrates [1,2]. Aberrant activation of the Hedgehog
pathway has been identiﬁed as a cause of numerous cancers [2–
4]. In the Drosophila wing, Hh is produced by posterior compart-
ment cells and transported to the adjacent anterior compartment
cells to transduce signaling through the Patched (Ptc)-Interference
hedgehog (Ihog) receptor complex [5,6]. The seven-transmem-
brane protein Smo acts as a signal transducer, recruits the Cos2/
Fu/ Cubitus interruptus (Ci) cytoplasmic complex and induces the
expression of target genes, such as Engrailed (En), Ptc, Decapenta-
plegic (Dpp) and Ci [7,8]. As an important component of the Hh sig-
nal pathway, Smo protein is tightly regulated by phosphorylation,
ubiquitination, membrane localization and conformational change
to maintain signaling homeostasis [9–14]. However, the posttran-
scriptional control mechanism of smo mRNA is still unclear.
miRNAs are small non-coding RNAs that serve as posttranscrip-
tional regulators of gene expression in plants and animals [15,16].
Their widespread and important role in animals is highlighted bychemical Societies. Published by E
ratory of Biomembrane and
inese Academy of Sciences,
Yang), Xinhua.lin@ioz.ac.cnrecent estimates that up to 30% of all genes are miRNA targets.
Regulation by miRNAs is typically mediated by the formation of
imperfect hybrids with 30-untranslated region (UTR) sequences of
target mRNAs, inducing translational repression and/or mRNA deg-
radation [17]. Efﬁciency of target recognition by miRNAs directly
relies on the level of complementarities between the ‘‘seed se-
quence’’ (miRNA nucleotides 2–7) of miRNAs and the targeted
mRNA sequences [18]. Recently, many studies have illustrated
important aspects of miRNAs in developmental processes and dis-
eases [19–21]. The Drosophila genome encodes many miRNAs that
regulate cell proliferation, apoptosis and differentiation through
Wingless (Wg), Notch, Hippo, Insulin and many other important
pathways [22–26]. However, little is known about miRNAs and
their speciﬁc targets involved in the Hh pathway.
The fruit ﬂy Drosophila melanogaster has been one of the favorite
model organisms for genetic screens. Many novel members of the
Hh signaling pathway were successfully identiﬁed by forward ge-
netic screens or RNAi screens performed in cultured cells [7]. How-
ever, in vivo miRNA overexpression screens, aimed to identify
novel Hh signaling regulators, are seldom reported. In this study,
we performed an in vivo miRNA screen in the ﬂy wing and identi-
ﬁed a new miRNA, miR-5, which can antagonize Hh signaling by
suppressing Smo expression. Through in vivo sensor assay and
in vitro luciferase assays, we showed that miR-5 regulates Smo
protein level by directly targeting smo 30UTR sequence. In addition,
our data indicated Cos2 and Fu do not play a role in the reduction
of Smo mediated by miR-5. Furthermore, we found that miR-5 islsevier B.V. All rights reserved.
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control wing morphogenesis. Taken together, our data argue that
miRNA-mediated target gene expression is an important regula-
tory mechanism for the Hh signaling pathway.
2. Materials and methods
2.1. Drosophila genetics
All stocks were maintained and crossed at 25 C according to
standard procedures. The en-Gal4, ap-Gal4, MS1096-Gal4, mirr-
Gal4, ptc-Gal4, dpp-Gal4, UAS-smo-RNAi and dpp-lacZ/TM6B lines
were obtained from Bloomington stock center. The UAS-GFP-GPI,
UAS-GFP-GPI-miR-5 and UAS-DsRed-miR-5 transgenic ﬂies were
generated using the PhiC31 integrase-mediated site-speciﬁc trans-
genesis system. The tub-EGFP and tub-EGFP-smo-30UTR ﬂies were
generated by P-element transformation.
2.2. Plasmid construction
To generate the pWALIUM10-moe-GFP-GPI construct, GFP-GPI
containing the GFP sequence followed by the GPI signal from Dlp
(amino acids 695–765) was inserted in the BglII site of the
pWALIUM10-moe vector. To generate the pWALIUM10-moe-
GFP-GPI-miR-5 construct, 673 bp of genomic DNA surrounding
miR-5 was ampliﬁed by PCR and cloned downstream of GFP-GPI
in the XbaI site of the pWALIUM10-moe vector. PCR primers were:
Forward, 50-GCTCTAGACAAGAGTAAGTGATATTGGGCAC-30;
Reverse, 50-GCTCTAGAGAACAGCCACTGTGATATAGTAG-30.
A similar strategy was used to make the pWALIUM10-moe-
DsRed-miR-5 construct, DsRed was inserted into the EcoRI site of
pWALIUM10-moe vector, and the miR-5 fragment was cloned into
the NdeI and NheI sites. The tub-EGFP-smo-30UTR was generated
by cloning a 596 bp fragment of smo 30UTR downstream of pCaS-
peR-tub-EGFP (a gift from T. Kai), through NotI and XhoI sites.
The PCR primers were:
Forward, 50-TAGCGGCCGCAAGGTTCAAAAACTCTTACA-30;
Reverse, 50-GACTCGAGTACACAAATTATTATGTATA-30.
2.3. Luciferase assay
For validation that miR-5 targets the smo 30UTR, a 596-bp frag-
ment of the smo 30UTR was ampliﬁed by PCR from wild-type geno-
mic DNA and cloned downstream of Renilla luciferase in the
psiCheck-2 vector (Promega). PCR primers used were:
Forward, 50- GGTTTAAACAAGGTTCAAAAACTCTTACA-30;
Reverse, 50- TTGCGGCCGCTACACAAATTATTATGTATA-30.
smo mutant 30UTR was generated by changing the miR-5 seed
sequence (GGAATTG) to (GGCGCGCC). Transfections were per-
formed in 24 well plates by using Effectene transfection reagent
in S2 cells. In each well, 1 lg of total DNA was added. After 48 h,
the cells were lysed in passive lysis buffer, dual luciferase assays
were carried out (Promega), and the results were analyzed on
the luminometer.
2.4. Whole-mount staining and microscopy
Fixation and antibody staining in imaginal discs was performed
as described [27]. Primary antibodies used for the immunostaining
were: mouse anti-Ptc (1:40; DSHB, Apa-1), rat anti-Ci (1:10; DSHB,
2A1), mouse anti-b-galactosidase (1:200; abcam), mouse anti-En
(1:50; DSHB, 4D9), mouse anti-Cut (1:50; DSHB, 2B10), mouse
anti-Dll (1:50), guinea pig anti-Senseless (1:200), rabbit anti-Sal
(1:100), mouse anti-Smo (1:50; DSHB, 20C6), mouse anti-Fused(1:50; DSHB, 22F10) and mouse anti-Cos2 (1:5; DSHB, 17E11).
The primary antibodies were detected by ﬂuorescent-conjugated
secondary antibodies from Jackson ImmunoResearch Laboratories,
Inc. Confocal images were collected using a Zeiss 780 confocal
microscope with 40/1.30 oil objectives. Adult wing images were
obtained using a Zeiss Axio Imager Z2 microscope. Images were
processed using Adobe Photoshop. For quantiﬁcation of confocal
images, the raw data were exported in tiff format. The plot values
were measured from selected regions using Image J (NIH).2.5. RNA extraction and quantitative RT-PCR
Total RNA was isolated from a pool of 80 wing imaginal discs
(MS1096-Gal4, MS1096-Gal4/smo RNAi, and MS1096-Gal4/UAS-
miR-5) with Trizol (Invitrogen) according to the manufacturer’s
protocol, and re-suspended in RNase-free water. First-strand cDNA
was generated from 1 lg of these samples using random primers
with the M-MLV Reverse Transcriptase System (Promega). Quanti-
tative PCR was performed using the Brilliant SYBR Green QPCR
Master Mix (Promega) on a CFX96 detection system (Bio-Rad).
The primers were:
smo Forward: 50-AACGACTACTATGCCCTGAA-30;
smo Reverse: 50-CGTATCTGTCGGAACCAAA-30;
Gapdh2 Forward: 50-GCCGAATACATCGTGGAG-30;
Gapdh2 Reverse: 50-GGGTGTCGCTGAGGAAAT-30.2.6. Bioinformatics
MicroRNA (http://www.microrna.org), Pictar (http://pictar.
mdc-berlin.de) and TargetScan (http://www.targetscan.org) were
used to identify Smo as a conserved miR-5 target. Sequence align-
ment of miR-5 and the smo 30UTR across 7 Drosophilia genomes
was obtained from the University of California at Santa Cruz
Genome Browser (http://genome.ucsc.edu).3. Results
3.1. miR-5 is identiﬁed as a suppressor of Hh signaling
Drosophilawing is a well-established model system for studying
Hh signaling pathway. In addition to inducing the expression of
Dpp which is involved in regulating the growth of the entire wing,
Hh also controls the patterning of the central region of the wing.
Loss of Hh signaling leads to a reduction of the intervein region
between longitudinal veins 3 and 4 (L3 and L4) [28]. To identify
microRNA regulators of the Hh pathway, we cloned 400–800 bp
pri-miRNA fragments centered on the miRNA hairpin into the
pWALIUM10-moe construct [29], and made UAS-GFP-GPI-miRNA
transgenic ﬂies which effectively produce active miRNAs and func-
tional GFP as a cell-autonomous marker (Fig. 1A). Meanwhile, the
pWALIUM10-moe is an attP vector which can be used in the
PhiC31 integrase-mediated site-speciﬁc transgenesis system. In
addition to the advantage of avoiding the positional effect of P-
element insertions, these transgenes offer uniform expression level
of different miRNAs. Initial screening of the ﬁnished forty trans-
genes in the wing by MS1096-Gal4 revealed that misexpression of
miRNAs can generate diverse phenotypes, such as wing lost, small
wing, wing notching, veins lost, ectopic veins and wing blister
(data not shown). Similar to the phenotype of smoRNAi (Fig. S1),
miR-5 overexpression causes an obvious reduction of the intervein
region between L3 and L4 (Fig. 1C and C0), suggesting that miR-5
might suppress the Hh signaling in the ﬂy wing.
Fig. 2. miR-5 expression inhibits expression of endogenous Hh targets. (A–D0 0 0) En, Ptc, Ci and dpp-lacZ staining in Drosophila third instar larva wing discs, oriented ventral up
and anterior left. (A–D) Wild-type discs. (A0–D0 0 0) Expression of miR-5 induced in the wing disc using MS1096-Gal4 driver inhibits expression of endogenous Hh targets.
Fig. 1. Overexpression of miR-5 suppresses Hh signaling in Drosophila wing. (A) Schematic representation of the pWALIUM10-moe-GFP-GPI-miRNA construct. (B–B0) Adult
wing of MS1096-Gal4;UAS-GFP-GPI ﬂy. (C–C0) Overexpression of miR-5 causes reduction of the intervein region between L3 and L4.
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Fig. 3. Smo is predicted as a potential target of miR-5. (A) A predicted miR-5 binding site (top) is highly conserved within the 30UTR of smo mRNAs from different Drosophila
species (bottom). (B) Alignments and conservation data were produced by the UCSC Genome Center. The perfectly conserved seed sequence (positions 2–8) is indicated by a
red box.
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To further determine the role of miR-5 in Hh signaling, we
examined the expression of Hh signaling targets in the wing imag-
inal discs of third instar larva. In wild type discs, the levels of En,
Ptc, Ci and Dpp were virtually identical in the dorsal (D) and
ventral (V) compartments (Fig. 2A–D). When miR-5 was induced
by MS1096-Gal4, the levels of En, Ptc, Ci and Dpp (visualized with
dpp-lacZ) were reduced, especially in the dorsal compartment
where MS1096-Gal4 has a stronger activity than in the ventral
compartment (Fig. 2A0–D0). Together with the Hh-like morpholog-
ical defects of the wing overexpressing miR-5, the reduction of Hh
target gene expression strongly argues that miR-5 is involved in Hh
signaling in the wing disc.
3.3. Smo is predicted as a potential target by computational methods
Computational approaches have been valuable tools in under-
standing the biology of miRNAs [30–32]. Thousands of miRNA se-
quences and annotation, as well as potential miRNA target genes
are predicted in several web-based miRNA databases (e.g. miRBase
Targets database [33]). To further understand the molecular
function of miR-5, we searched for potential miR-5 targets using
computational target prediction tools, including miRanda,
TargetScan and PicTar. One predicted target of miR-5 is Smo, a
seven-transmembrane protein involved in Hh transduction. Thesmo 30UTR contains one putative miR-5 binding site, which is
conserved in sequenced closely related Drosophila species
(Fig. 3A). Conservation of genomic DNA sequences among different
species is a crucial clue for their functional importance. Protein
coding sequences and functional RNA sequences are generally
more conserved than non-functional sequences. Using the align-
ment approach available at the UCSC genome browser, we
analyzed the whole 30UTR region of smo and found the predicted
binding site is much more conserved than ﬂanking sequences
(Fig. 3B). Thus, this highly conserved binding site is likely to
play a critical role in regulating Smo activity. In summary, all
these analyses implied that Smo might be a target of miR-5 in
Drosophila.
3.4. miR-5 inhibits Hh signaling by directly targeting smo 30UTR
To determine whether miR-5 inhibits Smo expression, we per-
formed an in vivo immunostaining assay in the wing disc. Endog-
enous Smo protein is expressed ubiquitously throughout the
wing pouch, with higher level in the posterior compartment and
lower levels in the anterior compartment (Fig. 4A, the ﬂuorescence
intensity in selected areas were quantiﬁed in Fig. 4E). Expression of
miR-5 at the dorsal compartment of the wing pouch using ap-Gal4
inhibited Smo protein expression in both anterior and posterior
compartments (Fig. 4B0–B0 0 and F). Similarly, a dramatically reduc-
tion of Smo was also visualized in the anterior compartment along
Fig. 4. miR-5 expression suppresses Smo expression levels. (A0–C0 0) Smo antibody staining in wing discs. Compared with the wild-type disc (A), ectopic expression of miR-5 in
the dorsal compartment by ap-Gal4 (B–B0 0) causes a strong reduction of Smo expression in both anterior and posterior compartment. Overexpressing miR-5 at the anterior
compartment along A/P boundary by ptc-Gal4 (C–C0 0) also dramatically inhibits Smo expression. (D–D0 0 0) Smo staining in eye discs, oriented ventral down and anterior left.
With the wide type eye disc (D) as a control, ectopic expression of miR-5 in the dorsal compartment by mirr-Gal4 (D0–D0 0 0) also causes a strong reduction of Smo expression.
(E–G) Quantity analysis of the ﬂuorescence intensities from selected areas (boxed) in images A–C, The y-axis indicates relative ﬂuorescence intensity and the x-axis indicates
the distance from the anterior (left) to posterior (right) compartment of the wing discs.
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G). In the wild-type eye disc, the level of Smo was virtually identi-
cal in the dorsal and ventral compartments (Fig. 4D). However, ec-
topic expression of miR-5 in the dorsal compartment by mirr-Gal4
also caused a strong reduction of Smo expression in the eye disc
(Fig. 4D0–D0 0). These data imply that miR-5 can regulate Smo in dif-
ferent tissues.
To further conﬁrm that miR-5 directly targets 30UTR of smo, we
performed both in vivo sensor assay and in vitro luciferase assay.
First, we tested the ability of miR-5 to inhibit a transgenic smo sen-
sor consisting of tubulin-EGFP fused with smo 30 UTR. Expression of
EGFP was monitored in wing discs that express UAS-DsRed-miR-5
induced by dpp-Gal4. We found miR-5 had no effect on the tub-
EGFP transgene (Fig. 5A and A0), but exhibited strong, cell autono-
mous inhibitory effect on the tub-EGFP-smo-30 UTR sensor line
(Fig. 5B and B0). Second, we generated reporter constructs withthe luciferase coding sequence fused to the either the wild-type
or a mutant form of the 30UTR of smo. miR-5 markedly repressed
the activity of the smo 30UTR luciferase constructs, and mutation
of the seed region (base pairs 2–8) of the putative miR-5 binding
site partially blocked the inhibitory effects of miR-5 (Fig. 5C and
D). To further examine the inhibitory mechanism(s) of miR-5 on
Smo, we performed quantitative RT-PCR assay and found that
smo mRNA was not affected (Fig. 5E), indicating that miR-5 blocks
the translation of smo mRNA. Together, these ﬁndings suggest that
miR-5 downregulates the Hh signaling by directly targeting smo
30UTR.
3.5. Cos2 and Fu do not play a role in the reduction of Smo
In the Drosophila Hh pathway, Smo forms a cytoplasmic com-
plex with two other components, Cos2 and Fu, to control the stabil-
Fig. 5. miR-5 directly targets smo through its 30UTR. (A–B0) Wing disc sensor assay. Cells that express UAS-DsRed-miR-5 under the control of dpp-Gal4 did not affect the
expression of a control tub-GFP sensor (A and A0), but strongly inhibited sensors fused to the 30UTR of smo (B and B0). (C) The Smo 30UTR containing one conserved 7-mer (red
box) miR-5 target site was fused to a ﬁreﬂy luciferase reporter construct. The smo 30UTR mutant containing mismatched nucleotides (green) is shown at the bottom of the
panel. (D) miR-5 inhibits expression of a smo 30UTR-luciferase reporter in cultured Drosophila S2 cells, but the mutant construct was immune to miR-5. The ratio of
Renilla:ﬁreﬂy activity for each series was normalized to the response of the empty psiCheck-2 sensor, whose baseline ratio was set to 100. (E) Quantitative RT-PCR showed
that miR-5 expression did not affect smo mRNA levels; smo RNAi was used as a positive control.
Fig. 6. miR-5 suppresses Cos2 expression, but has no inﬂuence on the stability of Fu. (A–B) Cos2 and Fu staining in wild-type wing discs. (A0–A0 0 0 and B0–B0 0 0) Ectopic
expression of miR-5 in the dorsal compartment induced by ap-Gal4 causes reduction of Cos2 (A0–A0 0 0) but has no inﬂuence on Fu expression (B0–B0 0 0).
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lates the expression of target genes. Cos2 and Fu interact with Smo
and control Smo cell-surface accumulation by feedback mecha-
nisms. Smo stability is decreased in cos2-overexpressing cells or
fu mutant clones [34–36]. Reduction of Smo might partially be
caused by increased Cos2 or reduced Fu. To test whether miR-5
can induce Cos2 or suppress Fu, we performed a similar in vivo
immunostaining assay. However, the level of Cos2 was signiﬁ-
cantly reduced (Fig. 6A–A0 0 0) and Fu expression was not inﬂuenced
(Fig. 6B–B0 0 0), suggesting that Cos2 and Fu do not play a role in thereduction of Smo. Since previous work has demonstrated that Cos2
is destabilized in smo-overexpressing cells and stabilized in smo
mutant cells [36], the decreased protein level of Cos2 should not
be the cause of Smo reduction. In addition, there is also no miR-5
binding site in the cos2 30UTR, so the reduction in Cos2 protein le-
vel might be due to an indirect effect of miR-5. For example, miR-5
might target other genes which are important for cos2 transcrip-
tion or protein stability. Together, these ﬁndings again indicate
that miR-5 regulates Hh signaling transduction by speciﬁcally tar-
geting Smo.
Fig. 7. miR-5 has no effect on Notch or Dpp signaling pathways. (A–C) Cut, Sal, Sens and Dll expression pattern in the wild-type wing pouch. (A0–C0 0 0) Ectopic miR-5
expression in the posterior compartment (indicated by GFP expression) results in no change for Cut (A0–A0 0 0) or Sal (B0–B0 0 0) expression, but leads to a dramatic reduction of
Sens (C0–C0 0 0) and Dll (D0–D0 0 0) expression.
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disc
To further determine the speciﬁcity of miR-5, we examined
whether miR-5 is involved in other important signaling pathways
which also control the wing patterning, such as Notch, Dpp and
Wg. In contrast to Hh, we found that Notch signaling as deter-
mined by Cut expression was not altered (Fig. 7A–A0 0 0). Similarly,
Dpp signaling as visualized by Spalt (Sal) expression was also not
affected (Fig. 7B–B0 0 0). Interestingly, Wg-induced Senseless (Sens)
and Distalless (Dll) expression was strongly reduced in miR-5
expression cells (Fig. 7C–D0 0 0). These observations argue that miR-
5 can inhibit Wg signaling pathway through other target genes.
4. Discussion
Smo plays an important role in promoting tumorigenesis, and
constitutive expression of the active form of Smo triggers the
development of a diverse range of cancers. Multiple mechanisms
are known to contribute to the regulation of Smo protein. However,the effect of posttranscriptional regulation of smo mRNA has not
been well determined. Here, we used a forward genetic screening
based on inducible miRNA overexpressing transgenes to identify
factors that restrain Hh signaling in Drosophila, and revealed that
miR-5 decreased the levels of Smo through directly binding to
the 30UTR of the smo mRNA. Consistent with our ﬁndings, in a
miRNA high-throughput proﬁle screening miR-125b, miR-326
and miR-324-5p have been found to directly bind to smo 30UTR
and inhibit its expression in mammalian cancer cells [37].
Together, these observations indicate that microRNA-mediated
posttranscriptional silencing mechanisms play a critical role in reg-
ulating the expression of Smo. The identiﬁcation of Hh signaling-
regulating miRNAs may also be important for understanding how
Hh signaling is regulated in human cancers.
A large number of microRNAs have been functionally identiﬁed
as tumor suppressive microRNAs or onco-microRNAs using gain-
of-function and loss-of-function approaches. In considering the
regulatory mechanism of miRNAs, we hypothesize that miRNA
gain of function will generally provide a more striking phenotype
than miRNA loss of function. A single miRNA mutant ﬂy has either
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duces obvious phenotypes by down regulating important target
genes. While this work was under review, Eric C. Lai and colleagues
described genome-wide collections of miRNA transgenes, and
demonstrated their collectively diverse activities during wing
development using a similar strategy [38]. Their analysis mainly
provided speciﬁc mutant phenotypes which are induced by expres-
sion of individual miRNAs. However, our work deﬁned the speciﬁc
functions of miRNAs in developmental signaling pathways. Besides
miR-5, we found several miRNA transgenes that could induce a Hh
signaling reduction phenotype when overexpressed by MS1096-
Gal4 or ptc-Gal4, although some of them showed no defect in the
work of Lai, et al. The main reason might be these miRNAs display
weak defects that are likely to be missed. Our work provides an
example for the involvement of miRNAs in Hh signaling pathway.
It is important to determine whether other miRNAs are involved in
Hh signaling in order to fully understand how this fundamental
signaling pathway is regulated by miRNAs.
Recently, miR-5 was identiﬁed as a suppressor of minus by tar-
geting Cul-4. Our study shows miR-5 overexpression suppresses
Hh signaling pathway by targeting Smo, and inhibit Senseless
and Distal-less expression which are important target genes of
the Wg signaling pathway. There is also a posterior crossvein de-
fect as shown in Fig. 1C. It is not surprising that miR-5 can generate
such distinct phenotypes, because many miRNAs can directly but
mildly repress hundreds of target genes. For example, miR-8 sup-
presses the Wg pathway by targeting Wntless, Armadillo and
CG32767 [39], regulates the Notch pathway by directly inhibiting
the translation of the Notch ligand Serrate [22], and targets Atro-
phin to prevent neurodegeneration [40]. An important concern is
whether miR-5 suppresses genes expression by inducing cell death
or cellular toxicity. However, miR-5 had no effects on Notch or Dpp
signaling pathways, indicated by the fact that Cut and Sal expres-
sion were not altered (Fig. 7A–B0 0 0). Our data provide a good exam-
ple of identifying miRNA involved in signaling pathways through
genetics and cell biology approaches when no apparent candidate
target genes can be predicted from bioinformatics methods. Taken
together, we propose that miR-5 might be involved in multiple sig-
naling pathways and play signiﬁcant roles in various developmen-
tal processes. In summary, we believe that similar strategies will
accelerate the understanding of the biological functions and
molecular mechanisms of miRNA-mediated processes and
diseases.
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